Introduction
Sequence-dependent conformational heterogeneity in DNA structure has been under intense scrutiny, ever since it was ®rst observed in the B-DNA type oligomer crystal structure reported by Dickerson's group . Several analyses of the available crystal structures have attempted to establish relationships between the observed variation in the base-pair parameters, of the ten dinucleotide sequences, and certain intrinsic features, such as differences in the size of the purine and pyrimidine bases, base-stacking energy or nature of the exocyclic groups Bhattacharyya & Bansal, 1990; Mohanty & Bansal, 1991; Hunter, 1993; Gorin et al., 1995; Hunter & Lu, 1997; Suzuki et al., 1997; El Hassan & Calladine, 1996 Dickerson, 1998; Olson et al., 1998) .
Extrinsic forces arising from crystal lattice packing or due to tightly bound solvent molecules are expected to in¯uence the ®ner details of the observed structure (DiGabriele et al., 1989; DiGabriele & Steitz, 1993; Dickerson et al., 1994; Shui et al., 1998a,b) . In addition, binding of proteins or any other ligand to DNA in either of the two grooves, leads to certain well-de®ned changes in the DNA structure, though these vary from almost negligible effects in the case of some regulatory protein-bound DNA, to very large bending in the case of CAP, TBP and IHF complexes (Dickerson, 1998) . We have recently analysed some common sequence-dependent features in DNA oligomer and nucleic acid-regulatory protein-bound complex structures and noticed that the AA and GA steps show remarkable similarity in both data sets. We found that these dinucleotide steps apparently take up geometries that are stabilized by favourable C-H..O interactions (hydrogen bonds) in the minor groove, similar to those reported recently in several other organic molecules (Taylor & Kennard, 1982; Desiraju, 1991 Desiraju, , 1996 Steiner & Saenger, 1993) nucleic acid structures (Leonard et al., 1995 , Wahl & Sundaralingam, 1997 Auf®nger & Westhof, 1998) , proteins (Derewenda et al., 1995; Bella & Berman, 1996; Chakrabarti & Chakrabarti, 1998) and protein-DNA complexes (Mandel-Gutfreund et al., 1998) .
Cross-strand interactions in the DNA major groove Favourable cross-strand interactions, or bifurcated hydrogen bonds were ®rst identi®ed between the 6-amino group of adenine and the 4-keto oxygen of thymine, in the major groove of an A-tract containing dodecamer crystal structure (Nelson et al., 1987) . The high propeller twist in the AT base-pairs is held to be the cause, as well as a consequence of such hydrogen bonds, in this and other A-tract-containing structures (Edwards et al., 1992; DiGabriele & Steitz, 1993; Shatzky-Schwartz et al., 1997) while the occurrence of a narrow minor groove seems to be a more ubiquitous feature of all A T-rich sequences (Yoon et al., 1988; Bhattacharyya & Bansal, 1992) . N-H..N type of major groove cross-strand hydrogen bonds have been reported between the 6-amino groups of both the 5 H -adenine bases in AT.AT steps, as well as with the 4-amino group of cytosine, in the inosine-containing steps AI.CT (Sponer & Kypr, 1994; ShatzkySchwartz et al., 1997; Luisi et al., 1998) . However, such cross-strand interactions have not been examined for other sequences, which also have potential to form cross-strand hydrogen bonds in the major groove, viz. GG.CC, AC.GT, CA.TG sequences (N-H..O) and AG.CT, CG.CG sequences (N-H..N). The possibility of such hydrogen bonds in the minor groove has not been explored, even though an N-H..O hydrogen bond was mentioned as being present at the AG.AT steps in the A.G mismatch basepair-containing decamer structure (Prive et al., 1987) . In addition, an N..O or N..N separation of less than 3.6 A Ê has generally been used to assign a hydrogen bond, while the H..O or H..N distance and the N-H..O (or N) angle, which would be chemically more meaningful indicators of hydrogen bond formation, have not been examined for these medium-resolution structures. We have ®xed hydrogen atoms at ideal geometric locations for all the bases in 35 B-DNA-type oligomer crystal structures solved at better than 2.6 A Ê resolution and examined all possible H..O and H..N distances, as well as hydrogen bond angles (N-H..O/N), to check which cross-strand interactions can be truly classi®ed as being hydrogen bonds, using a more stringent criterion than that used by earlier workers. We found that, as in the B-DNA ®bre model structure (Chandrasekaran & Arnott, 1996) , a majority of the N..O and N..N cross-strand distances in the major groove are slightly smaller than their equilibrium separation distances of 3.48 A Ê , as de®ned in the AMBER force-®eld (Cornell et al., 1995) , but the corresponding H..O and H..N distances are generally >2.8 A Ê , while the N-H..O/N angle is about 100 (Bansal & Ghosh, 1999 Chandrasekaran & Arnott (1996) ). This indicates that (i) an AT base-pair with large propeller twist is not a mandatory requirement for close interaction between the exocyclic groups in the major groove and (ii) a majority of the potential cross-strand hydrogen bonds in the major groove do not have very favourable geometries.
Cross-strand interactions in the DNA minor groove
N-H..O and N-H..N hydrogen bonds
An analysis of all possible cross-strand interactions in the minor groove of oligomeric DNA crystal structures revealed that close N..O and N..N contacts (<3.5 A Ê ) between the nitrogen atom of the 2-amino group of guanine and oxygen of the 2-keto oxygen atom of either cytosine or thymine, located towards the 3 H -side, are occasionally seen for GG.CC, AG.CT and CG.CG steps, as reported earlier for the AG.AT steps in the decamer containing two A.G mismatch base-pairs (Prive et al., 1987) . However, the H..O and H..N distances are >2.8 A Ê in most cases and the corresponding hydrogen bond angle is <110 , indicating that these N-H..O/N hydrogen bonds have poor geometry (Desiraju, 1996) , similar to that mentioned above for the major groove.
C-H..O hydrogen bonds
The most surprising ®nding of the detailed analysis of cross-strand interactions was the occurrence of short C2..O2 as well as H2..O2 cross-strand contact distances, in the AA.TT and GA.TC steps, between the adenine base on the 3 H -end of the purine strand and the thymine or cytosine base on the 3 H -end in the pyrimidine strand. All the C-H..O close contacts in the oligomer crystal data set, wherein the cross-strand H..O distance is <2.8 A Ê are given in Table 1 , along with the corresponding C2-H2..O2 angle. The parameters for the potential C-H..O hydrogen bond between the C2-H2 group of adenine, involved in a cross-strand interaction, and the O2 of its Watson-Crick paired thymine base, are also listed, and the values are nearly the same as for the cross-strand interaction. It is obvious that when a 2.8 A Ê cutoff is applied for the cross-strand H2..O2 distance, the corresponding C2..O2 distance is also <3.3 A Ê in most cases, for Table 1 . Relevant parameters for the cross-strand C2H2..O2 hydrogen bonds with H2..O2 distance < 2.8 A Ê , in the minor groove of (A) AA.TT and (B) GA.TC steps in DNA oligomer crystal structures (Cornell et al., 1995) . Both sets of C2-H2..O2 angles have similar values of about 120 (Table 1) , while the H2..O2-C2 angle also lies between 110 and 130 for both interactions. However, the azimuthal angle de®ning the elevation of H2..O2 direction with respect to the plane of the thymine base is obviously different in the two cases, being very small (<20 ) for the intra-base-pair C-H..O hydrogen bond, and about 60 for the cross-strand hydrogen bond. As a representative example, the middle six base-pairs in the d(CGCGAATTCGCG) dodecamer structure, solved recently at 1.4 A Ê resolution (Shui et al., 1998a) are shown in Figure 1 , with H2..O2 crossstrand distances in the minor groove of AA.TT and GA.TC steps, as well as the H2..O2 distances in the A.T Watson-Crick base-pairs being indicated. All the H2..O2 distances are between 2.6 and 2.9 A Ê . The C2-H2..O2 interaction in Watson-Crick basepairs can be regarded as being a``passive'' consequence of the geometry of the base-pair (Wahl & Sundaralingam, 1997) while the cross-strand interaction can be regarded as being``voluntary'', since the observed H2..O2 distances are considerably smaller than the H2..O2 separation of 3.3 A Ê in the latest B-DNA ®bre model, which has a high propeller twist of À15 (Chandrasekaran & Arnott, 1996) . It can be seen from the legends to Figure 1 and Table 1 that the A.T base-pairs in the crystal structures apparently undergo distortion (in their opening angle) so as to facilitate the formation of good C-H..O hydrogen bonds within the AT Watson-Crick pair itself, while deviations in the interbase-pair parameters (particularly``slide'') in AA.TT steps lead to an additional cross-strand C-H..O hydrogen bond with a neighbouring pyrimidine on the 3 H -side. It is interesting to note that this cross-strand interaction occurs without any roll movement towards the minor groove, i.e. negative values for the roll parameter, as de®ned by the Cambridge nomenclature (Dickerson et al., 1989) . The hydrogen bond geometry of these C-H..O interactions (as described by the H..O distances and C-H..O angles) is better than that of most cross-strand N-H..O and N-H..N hydrogen bonds.
An even clearer picture emerges if we examine the complete range of cross-strand C-H..O distances in all the AA.TT and GA.TC steps in the oligomer crystal data set, as well as a data set consisting of 20 crystal structures of DNA oligomers complexed with regulatory proteins (resolution <2.6 A Ê ), wherein the DNA does not undergo large distortion. The overall distribution of the C..O and H..O distances is shown in Figure 2 (a)-(d) (as fractional frequency of occurrence) and it is seen that the cross-strand H..O distance has a maximum between 2.6 and 2.9 A Ê , while the maxi- The parameters for the C2H2..O2 hydrogen bond, involving the same C2-H2 group of adenine, with the corresponding WatsonCrick base-paired thymine base, are also listed.
All H2 atoms have been ®xed in the plane of the adenine bases, using standard bond length and bond angle b(C-H) 1.08 A Ê , N1-C2-H2 120
. The dataset consists of 17 dodecamers and 18 decamer structures, solved using data at resolution <2.6 A Ê . (PDB code names: 1BNA, 355D, 1D98, 1DN9, 1BDN, 1D29, 1D65, 119D, 1D89, 249D, 271D, 194D, 4BNA, 4DNB, 1D77, 265D, 270D; 1BD1, 5DNB, 1D23, 1D49, 1D56, 1D57, 1CGC, 126D, 158D, 167D, 196D, 252D, 307D, 2D25, 1D60, 1D61, 1DA3 and 183D).
a The bases have been numbered from 1 to n in each strand, starting at the 5 H end. b Fibre model structure for B-DNA (Chandrasekaran & Arnott, 1996) . Figure 3 and it is clear that the choice of cut-off distance does not affect the general conclusion that, in AA.TT steps very large numbers of H2..O2 distances are shorter than the H62..O4 distances. Thus, only about 13 % of H62..O4 distances occur within a cut-off value of 2.8 A Ê (Figure 3(a) ), the value for this cross-strand distance in the ®bre model, while 66 % of the H2..O2 distances in AA.TT steps are shorter than this value (Figure 3(b) ). Even a cut-off distance of 3.0 A Ê gives only 45 % frequency of occurrence for the H62..O4 distance, while it is 81 % for the H2..O2 distance in DNA oligomers for AA.TT steps and 60 % for GA.TC steps (as seen in Figure 3 (b) and (c), respectively) A similar trend is observed for the protein-DNA complex data set, though both steps show a tendency towards slightly longer distances (also shown in Figure 3(a)-(c) ). The frequencies of occurrence of N6..O4 and C2..O2 distances in the AA.TT steps, within any cut-off limit, are not signi®cantly different (Figure 3(d) and (e)), with the frequency of C2..O2 being higher by about 10 % in the whole range (3.0-3.8 A Ê ). However, it should be noted that these trends are quite striking, since they are opposite to that expected from the ®bre Figure 1 . (a) Stereodiagram showing a view into the minor groove of an AA.TT dinucleotide step with the B-DNA ®bre model geometry (Chandrasekaran & Arnott, 1996) . The H2..O2 distance in the A.T Watson-Crick base-pair, as well as between the 3 H -end adenine base in strand 1 and the 3 Hend thymine base in strand 2 are indicated. The intra-base-pair propeller twist is À15 and opening angle is 0.3 in this structure while the inter-base-pair parameters roll and slide are 2.2 and 0.56 A Ê , respectively, as calculated using a modi®ed NUPARM package (Bansal et al., 1995) . (b) Stereodiagram showing the middle six basepair GAATTC.GAATTC in a highresolution (1.4 A Ê ) dodecamer structure (PDB code 355D, Shui et al., 1998a,b) . The cross-strand H2..O2 distances in the minor groove, for AA.TT and GA.TC are shown in blue, while the H2..O2 distances for the Watson-Crick A.T base-pairs are shown in red. All the H2..O2 distances in the AA.TT steps are <2.87 A Ê in this structure. The average propeller twist and opening angle for the A.T base-pairs in this structure are À16 and 5.6 , while the roll angle is À0.2 and slide is À0.46 A Ê for the AA.TT steps. The mean propeller and opening angle for all the 53 AA.TT steps in the oligomer data set included in Table 1 are À16.2(AE4.5) and 3.8(AE3.5) while the roll angle and slide values are 0.9(AE3.9) and À0.18(AE3.4) A Ê , respectively. The stereodiagrams have been generated using MOLSCRIPT (Kraulis, 1991) .
C-H..O Hydrogen Bonds in DNA Minor Groove model structure, wherein the N6..O4 distance is 3.1 A Ê , while the C2..O2 distance is 4.0 A Ê . Thus, a considerable reduction in C2..O2 and H2..O2 crossstrand distances is consistently observed for both AA.TT and GA.TC steps in the two data sets (Figure 3 (e) and (f)), the oligomer set consisting of decamer and dodecamer sequences, as well as the DNA-protein complex structures, with DNA of varying length and sequence, crystallized in different lattices. On the contrary, the cross-strand H62..O4 distance in the crystal structures is longer than that in the ®bre model. While this distance can be marginally reduced if the amino hydrogen atoms of adenine are rotated out of the base plane, it does not signi®cantly alter the above observations. A similar analysis for the intra-base-pair H2..O2 distance reveals that in 51 % of the A.T Watson-Crick base-pairs, this distance is <2.8 A Ê , while in 80 % of base-pairs the distance is <3.0 A Ê , the value for the ®bre model structure.
Cross-strand C2-H2..O2 hydrogen bonds are found also in AA.UU and GA.UC steps, present in a Drew-Dickerson type dodecamer sequence (as seen in Table 1 , PDB code 271D), inosine containing steps IA.TC in a similar dodecamer (Table 1B, PDB code 1D77; Xuan & Weber, 1992), as well as IIICCC.IIICCC tracts of a decamer crystal structure (PDB code 286D; Shatzky-Schwartz et al., 1997), suggesting that such cross-strand hydrogen bonds may be a general feature of all dinucleotide steps containing a base with a potential C-H donor group and another with a keto oxygen atom as an acceptor, in the minor groove of DNA double helices.
C-H..N hydrogen bonds
A few of the CA.TG steps also show close crossstrand contacts between the C2-H2 of adenine and the 2-amino nitrogen atom of guanine, with H2..N2 distances <2.8 A Ê and C2-H2..N2 angles $110
, suggesting the presence of C-H..N hydrogen bonds. These short distances correspond to CA.TG steps with large twist, negative roll and positive slide, which is associated with a B II geometry of the backbone (Bhattacharyya & Bansal, 1990; Nagaich et al., 1994) . These geometries are generally found in structures with CAA fragments, with the neighbouring AA.TT steps taking up an unusual geometry with large positive roll, small twist and low positive slide (for example in structures with PDB codes 5DNB, 158D, 1D61, 1D65, 307D) and these are the only AA.TT steps characterized by large cross-strand C2..O2 distances (>3.6 A Ê ).
Discussion
The mean separation between the C2H2 group of adenine and O2 of thymine in the Watson-Crick A.T base-pairs in oligomer crystal structures is found to be shorter than that in the ®bre model of B-DNA. As seen in Table 1 , as well as Figure 1 , the mean H2..O2 distance in oligomers is 2.8 A Ê , while it is 3.0 A Ê for the ®bre model, even though the base-pair propeller twist is nearly the same in both cases. This reduction can be attributed to a difference of 3 in the intra-base-pair opening angle for AT base-pairs, which brings the exocyclic atoms in the minor groove closer together, while the distance between N6 and O4 in the major groove increases to 3.1 A Ê from 2.95 A Ê in the ®bre model. The reduction in the cross-strand C2H2..O2 distance between the 3 H -end adenine base on one strand and the 3 H -end thymine or cytosine base on the opposite strand in AA.TT and GA.TC steps is even more striking. In 90 % of the AA.TT steps, the H2..O2 distance is <3.3 A Ê , the value in the ®bre model, while the mean value for the crystal structures is 2.8 A Ê , a reduction of 0.5 A Ê . This arises primarily due to a change in the inter-base-pair slide parameter, from 0.56 A Ê in the ®bre model to À0.18 A Ê for the AA.TT steps in the oligomer crystal structures, while the average of all the dinucleotide sequences is 0.33 A Ê . It is interesting to note that the propeller twist and the roll angle show only minor differences ($1 ) from the ®bre model. In the case of GA.TC steps, the mean propeller twist has a value of À13 and the slide is 0.0 A Ê , but a twist value of 38 leads to the mean crossstrand H2..O2 distance being 2.95 A Ê .
It is also interesting to note that, as seen from Figure 3 , the C2..O2 and H2..O2 cross-strand distances in the minor groove are, in general, shorter than the cross-strand N6..O4 and H62..O4 distances in the major groove of AA..TT steps. In fact, the mean value of both these cross-strand distances in the major groove are considerably larger than in the ®bre model structure. Thus, it is clear that there are correlated changes in the local geometry of AA.TT and GA.TC steps in the crystal structures, leading to short H2..O2 distances on the minor groove side, within the A.T base-pairs as well as between the bases at the 3 H -ends of these dinucleotide steps. A signi®cantly large number of these dinucleotide steps have H2..O2 as well as C2..O2 distances that are shorter than their equilibrium separation distances of 2.86 A Ê and 3.57 A Ê , respectively (Cornell et al., 1995) , while the C-H..O angles are about 120
. This suggests that the C2-H2..O2 interactions are not merely electrostatic in nature but can be regarded as being weak hydrogen bonds. In addition, the base-pair energy calculated for an A.T base-pair, using the AMBER force®eld, is about 1.2 kcal/mol less than the value obtained using ab initio calculations, by the same group, while they are within 0.6 kcal/mol for the G.C base-pair (Gould & Kollman, 1994) . If one includes the C-H..O hydrogen bond energy, which is generally considered to be in the range between 1 and 2 kcal/mol (Desiraju, 1991) , then the agreement for the A.T base-pair energy is substantially improved. It should be mentioned, however, that the standard de®nition of a hydrogen bond (Steiner & Saenger, 1993) requires C2 of adenine to be more electronegative than H2, while in the currently used force-®elds, which have been developed taking into consideration only the strong hydrogen bond interactions, C2 is more electropositive than H2 (Cornell et al., 1995) . Since recent molecular dynamics studies on RNA indicate that some C-H..O interactions are dynamically stable (Auf®nger & Westhof, 1998) , it is suggested that the charge assignment for the C-H groups probably needs re®nement, taking polarization effects into consideration (Wiberg et al., 1991) .
The A n .T n and GA n .T n C-containing regions of DNA oligomers show some features, such as a narrow minor groove, that are independent of the crystal lattice packing and the overall bending characteristics of the molecule Nelson et al., 1987; Di Gabriele & Steitz, 1993; Dickerson et al., 1994; Han et al., 1997) as well as binding of a-helices in the major groove of DNA molecules, in the protein-DNA complexes (Aggarwal et al., 1988; Mondragon & Harrison, 1991; Rodgers & Harrison, 1993; Feng et al., 1994; Gewirth, & Sigler, 1995; Houbaviy et al., 1996) . The Hin recombinase-bound DNA structure (Feng et al., 1994) is the only exception, it has a normal average minor groove width in spite of the presence of a T 5 .A 5 tract. Hence, in addition to the favourable cross-strand interactions in the major groove and the effect of tightly bound solvent molecules in the minor groove, cross-strand C-H..O interactions could help stabilize the oligo(A) tract structure with its characteristic features, such as a narrow minor groove.
